Proteins containing the classical nuclear localization sequences (NLSs) are imported into the nucleus by the importin-␣/␤ heterodimer. Importin-␣ contains the NLS binding site, whereas importin-␤ mediates the translocation through the nuclear pore. We characterized the interactions involving importin-␣ during nuclear import using a combination of biophysical techniques (biosensor, crystallography, sedimentation equilibrium, electrophoresis, and circular dichroism). Importin-␣ is shown to exist in a monomeric autoinhibited state (as- Nucleocytoplasmic transport occurs through nuclear pore complexes, large supramolecular structures that penetrate the double lipid layer of the nuclear envelope. Most macromolecules require an active, signal-mediated transport process that enables the passage of particles up to 25 nm in diameter (ϳ25 MDa). The first and best characterized nuclear targeting signals are the classical nuclear localization sequences (NLSs) 1 that contain one or more clusters of basic amino acids (1). NLSs do not conform to a specific consensus sequence and fall into two distinct classes termed monopartite NLSs, containing a single cluster of basic amino acids, and bipartite NLSs, comprising two basic clusters.
Nucleocytoplasmic transport occurs through nuclear pore complexes, large supramolecular structures that penetrate the double lipid layer of the nuclear envelope. Most macromolecules require an active, signal-mediated transport process that enables the passage of particles up to 25 nm in diameter (ϳ25 MDa). The first and best characterized nuclear targeting signals are the classical nuclear localization sequences (NLSs) 1 that contain one or more clusters of basic amino acids (1) . NLSs do not conform to a specific consensus sequence and fall into two distinct classes termed monopartite NLSs, containing a single cluster of basic amino acids, and bipartite NLSs, comprising two basic clusters.
Despite the sequence variability, the classical NLSs are recognized by the same receptor protein termed importin or karyopherin, a heterodimer of ␣ and ␤ subunits (for recent reviews see Refs. [2] [3] [4] [5] [6] . Importin-␣ contains the NLS-binding site, and importin-␤ is responsible for the translocation of the importincargo complex through the pore. Transfer through the pore is facilitated by the proteins Ran (Ras-related nuclear protein) and nuclear transport factor-2. Once inside the nucleus, importin-␤ binds to Ran-GTP to effect the dissociation of the import complex; the importin subunits return to the cytoplasm separately and without the cargo. The directionality of nuclear import is thought to be conferred by an asymmetric distribution of the GTP-and GDP-bound forms of Ran between the cytoplasm and the nucleus. This distribution is in turn controlled by various Ran-binding regulatory proteins.
Importin-␣ consists of two structural and functional domains, a short basic N-terminal importin-␤-binding (IBB) domain (7) (8) (9) , and a large NLS-binding domain comprising armadillo (Arm) repeats (10) . The monopartite NLSs bind at a major site located between the first and fourth Arm repeats and additionally at a minor site spanning repeats 4 -8 (11-13) . The bipartite NLSs span the two binding sites, with each site recognizing one of the basic clusters (12, 13) . The linker sequence between the two basic clusters makes few contacts with the receptor, consistent with its tolerance to mutations. The affinity of the importin-targeting sequence interaction is a critical parameter in determining transport efficiency (3) .
The structure of mouse importin-␣ showed that in the absence of importin-␤ or NLS-containing proteins, a part of the IBB domain occupies the major NLS-binding site (14) . Based on this observation, it was suggested that the IBB domain acts as an intrasteric autoregulatory sequence (15) , explaining the regulatory switch between the cytoplasmic, high affinity form and the nuclear, low affinity form for NLS binding (14) . This model is supported by the observed increase in affinity for NLSs of importin-␣ upon importin-␤ binding (16 -19) . * This work was supported in part by funds from the Wellcome Trust and the National Health and Medical Research Council (to B. K.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. In this study we use a combination of biophysical techniques to characterize the various binding and regulatory events occurring during nuclear import. The association state of individual importin subunits and the complex is characterized by sedimentation equilibrium and gel electrophoresis, the interactions involving importin-␣ are characterized using the biosensor, and the structure of the IBB/autoinhibitory domain and its interaction with the Arm repeat domain of importin-␣ are analyzed by x-ray crystallography and circular dichroism spectroscopy. Our experiments support the model of regulation of nuclear import mediated by the intrasteric autoregulatory sequence in importin-␣ and provide a quantitative description of the binding steps involving importin-␣ during nuclear import.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Full-length, N-terminally truncated (comprising residues 70 -529; Imp␣(70 -529)) and the IBB domain (comprising residues 1-70) of mouse importin-␣ (␣2 isoform) (20) and mouse importin-␤ (␤1) were expressed recombinantly as fusion proteins containing an N-terminal glutathione S-transferase (GST) tag in Escherichia coli and purified by affinity chromatography using glutathione-Sepharose. The full-length pGEX-2T/importin-␣ and pGEX-2T/importin ␤ clones were described previously (21) . Truncated importin ␣ and IBB domain constructs were generated by polymerase chain reaction using the pET30a construct containing the full-length importin ␣ gene (22) as the template, and the following primer pairs: Imp␣(70 -529), forward, 5Ј-GGAAAACGGATCCAACCAGGGTACTG-3Ј, and reverse, 5Ј-CGACGAATTCTTAGAAGTTAAAGGT-3Ј; IBB domain, forward, 5Ј-CCGGGGATCCATGTCCACGAACGAG-3Ј, and reverse, 5Ј-GTTACGAATTCTTAGTTGTTCCGGTTTTC-3Ј (restriction sites are in bold type). Polymerase chain reaction products were ligated into the BamHI/EcoRI sites of pGEX-2T (Amersham Pharmacia Biotech), and the plasmids were transformed into BL21(DE3) E. coli cells. For expression, bacteria were grown at 37°C to an A 600 of 1.2 and induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside. GST-free proteins were generated by thrombin cleavage (23) . Prior to biosensor, circular dichroism, and sedimentation equilibrium experiments, the proteins were further purified by size exclusion chromatography using a Superdex 200 column (Amersham Pharmacia Biotech). The Imp␣(70 -529) protein used for crystallization experiments was expressed as a hexahistidine-tagged protein and purified as described previously (13) .
Peptide Synthesis-The peptides PKKKRKV (T-Ag NLS, corresponding to the NLS of the SV40 large T-antigen, residues 126 -132) and KRPAATKKAGQAKKKK (nucleoplasmin NLS, corresponding to the NLS of nucleoplasmin, residues 155-170) with an N-terminal biotin group, and the peptide DEQMLKRRNVS (corresponding to residues 44 -54 of mouse importin-␣) were synthesized using the Applied Biosystems 433A peptide synthesizer, purified by cation exchange chromatography followed by reverse phase chromatography, and analyzed by quantitative amino acid analysis (Beckman 6300 amino acid analyzer) and electrospray mass spectrometry (Sciex API 111; PerkinElmer Life Sciences) (24) .
Biosensor Analysis-The protein concentration was determined by absorbance at 280 nm as calculated from the amino acid composition (ProtParam). Protein homogeneity was checked prior to kinetic studies using micropreparative size exclusion chromatography (Superose 12 column HR 3.2/30) connected to a SMART system (Amersham Pharmacia Biotech). All measurements were performed using a BIAcore2000 biosensor (BIAcore AB). Importin-␣, importin-␤, IBB domain, and anti-GST IgG were immobilized onto a carboxymethyldextran sensor chip using NHS/EDC coupling as described previously (25) . GST-importin-␤ and GST-IBB were captured onto immobilized anti-GST IgG, and biotinylated NLS peptides were immobilized onto streptavidin-coated surfaces according to protocols described previously (26, 27) . The samples for analyses were prepared at various concentrations in HBS buffer (10 mM Hepes, pH 7.4, containing 3.4 mM EDTA, 0.15 mM NaCl, and 0.005% (v/v) Tween 20) and were injected (30 l) over the sensor surface at a flow rate of 10 l min Ϫ1 . Following completion of the injection phase, dissociation was monitored in HBS buffer for 150 s at the same flow rate. Bound proteins were eluted, and the surface was regenerated between injections, using either 30 l of 10 mM HCl or 10 mM NaOH. Regeneration conditions did not denature the immobilized antigen as shown by equivalent signals upon reinjection of the ligand.
The apparent association and dissociation rate constants were calculated using BIAevaluation version 3.0 (BIAcore AB) as described previously (28) . The goodness of the fit between experimental data and fitted curves was estimated from the coefficient of correlation, R 2 (for linear fitting routines), or by 2 analysis using the following equation (for nonlinear least squares fitting, see Tables I and II) 
Sedimentation Equilibrium-Sedimentation equilibrium experiments were performed using Beckman XL-A analytical ultracentrifuge equipped with a Ti60 rotor and filled-epon centerpieces (path length, 12 mm). Sedimentation equilibrium profiles for importin-␣ and importin-␤ at starting concentrations of 0.5 mg ml Ϫ1 were obtained at 20°C, using rotor speeds of 10,000 and 15,000 rpm. The final equilibrium distributions, determined from absorption measurements at 280 nm, were fitted globally to obtain best fit values for the molecular weight. The complex formed between importin-␣ and importin-␤ was isolated by size exclusion chromatography (Superose 200; Amersham Pharmacia Biotech) and sedimentation equilibrium distributions obtained at 20°C, using a rotor speed of 10,000 rpm. Partial specific volumes for importin-␣ and importin-␤ (0.74 ml g Ϫ1 ) were calculated from the amino acid composition; the solvent density of S buffer (10 mM sodium phosphate, 1.8 mM potassium phosphate, 2.7 mM KCl, 0.2 M NaCl, pH 7.3) was calculated to be 1.007 g ml Ϫ1 . Circular Dichroism Spectroscopy-Spectra of the IBB domain were recorded at 20°C using the IBB domain at a concentration of 0.108 mg ml Ϫ1 in 20 mM sodium phosphate buffer (pH 7), with an Aviv model 62DS spectrophotometer, 1-mm path-length quartz cuvettes, 1.5 nm bandwidth, 2 s integration time, and 0.5 nm wavelength increments from 185 to 260 nm. The spectra were corrected with a base line obtained using buffer alone under the same conditions.
Crystal Structure Determination-For crystallization, Imp␣(70 -529) was concentrated to 18.8 mg ml Ϫ1 using a Centricon-30 (Millipore) and stored at Ϫ20°C. Crystallization conditions were screened by systematically altering various parameters using the crystallization conditions for other peptide complexes (13) as a starting point. The crystals (rod shaped, 0.3 ϫ 0.1 ϫ 0.07 mm) were obtained using co-crystallization, by combining 2 l of protein solution, 1 l of peptide solution (1.7 mg ml Ϫ1 ; peptide/protein ratio, 2.5), and 2 l of reservoir solution and suspended over 0.5 ml of reservoir solution containing 0.6 M sodium citrate as the precipitant (pH 6.5) and 10 mM dithiothreitol. The crystals exhibited orthorhombic symmetry (space group P2 1 2 1 2 1 ; see Table III ). Diffraction data were collected from single crystals transiently soaked in a solution corresponding to the reservoir solution but supplemented with 23% glycerol and flash cooled at 100 K in a nitrogen stream (Oxford Cryosystems), using a MAR Research image plate detector (plate diameter, 345 mm) and CuK␣ radiation from a Rigaku RU-200 rotating anode generator. The data were auto-indexed and processed with the HKL suite (29) (see Table III ).
The crystals were highly isomorphous with the crystals of full-length importin-␣ (14); therefore this structure (Protein Data Bank code 1IAL) with N-terminal residues omitted was used as a starting model for crystallographic refinement. Electron density maps were inspected for the presence of the peptide after rigid body refinement using the program CNS (30) (R cryst ϭ 30.5%; R free ϭ 31.2%; resolution, 6 -3.5 Å; see Table III for explanation of R factors), and the model of the peptide was added. Electron density maps calculated with coefficients 3͉F obs ͉ Ϫ 2͉F calc ͉ and simulated annealing omit maps (see Fig. 5 ) calculated with analogous coefficients were generally used. The model was improved, as judged by the free R factor (31), through rounds of crystallographic refinement (positional and restrained isotropic individual B factor refinement, with an overall anisotropic temperature factor and bulk solvent correction), and manual rebuilding (program O) (32) . Solvent molecules were added with the program CNS (30) . Asn 239 is an outlier in the Ramachandran plot as also observed in all other structures of mouse importin-␣ (13, 14) . Pro 242 is a cis-proline. The final models comprise 426 importin-␣ residues (residues 72-497) and 16 peptide residues. The structure determination statistics are shown in Table III . The coordinates have been deposited in the Protein Data Bank (code 1IQ1).
The quality of the models was checked with the program PRO-CHECK (33) . The contacts were analyzed with the program CONTACT (34) , and the buried surface areas were calculated using the program CNS (30) .
RESULTS
Oligomeric States of Importin-␣, Importin-␤, and Their Complex-Sedimentation equilibrium analysis was used to deter-mine the oligomeric state of purified importin-␣ and importin-␤ (Fig. 1) . The linearity of the lnc versus r 2 plots (c is the optical density at 280 nm, and r is the radial distance) for both proteins indicate single sedimenting species. Global analysis of sedimentation equilibrium data obtained at 10,000 and 15,000 rpm gives values for the molecular weights of importin-␣ and importin-␤ of 60,100 and 99,000, respectively. These values correspond closely to the subunit molecular weights of importin-␣ (60,294) and importin-␤ (97,130), suggesting that both proteins are monomeric under these conditions. The complex formed between importin-␣ and importin-␤ was isolated as a single major peak from gel filtration chromatography. Sedimentation equilibrium analysis of this sample ( Fig. 1) indicated minor molecular weight heterogeneity represented by the deviations from linearity. The slope of the straight line drawn through the data yields an estimate for the weight average molecular weight of the complex of 148,200, consistent with a 1:1 complex. The stoichiometry of binding was further analyzed by gel electrophoresis, by comparing the relative intensities of the protein bands of the complex, as isolated by size exclusion chromatography, with the relative intensities of importin-␣ and -␤ mixed in varying ratios; these experiments also suggested 1:1 stoichiometry of binding (data not shown).
Biosensor Analysis of the Importin-␣-Importin-␤ Interaction-Surface plasmon resonance was used to characterize the apparent association (k a ) and dissociation (k d ) constants of the importin-␣-importin-␤ interaction. Initially, importin-␤ was covalently linked to the flexible dextran matrix of a carboxymethyldextran sensor chip via amine coupling (ϳ9,000 resonance units (RU) corresponding to 9 ng mm Ϫ2 ) (35) . However, the resulting surface gave only a weak nonspecific signal upon importin-␣ injection, even at concentrations up to 1 M (data not shown). This suggested that importin-␤ was not immobilized in an active orientation for importin-␣ binding. To attain an optimal presentation for importin-␣ binding, GST-tagged importin-␤ was captured onto the sensor chip using an immobilized anti-GST antibody. Because the GST-importin was desorbed during regeneration, this required reloading the surface prior to each analysis. The amount of importin-␤ captured at each cycle was ϳ500 RU, varying from 525 RU at the first injection to 485 RU after 10 injections. This small variation in captured antigen was probably due to a minor loss of reactivity of the immobilized anti-GST antibody (IgG) upon regeneration between cycles.
This slight difference in surface levels between cycles precluded global analysis for this data set, with each curve having to be analyzed separately using nonlinear least squares regression analysis. The binding curves ( Fig. 2A) fitted poorly using the simple 1:1 Langmuirien model (A ϩ B^AB), suggesting complex kinetics. This was not unexpected considering the available structural information; the IBB domain needs to dissociate from the Arm repeat domain of importin-␣ before bind-FIG. 1. Sedimentation equilibrium profiles for importin-␣, importin-␤, and the importin-␣/␤ complex. The solutions in S buffer were centrifuged at 10,000 rpm and 20°C for 16 h. The equilibrium profiles are presented as ln(c/c o ) versus the square of the radial distance, where c/c o is the optical density at 280 nm divided by the initial optical density. For a single species, the slope of this plot is proportional to the molecular weight. Triangles, importin-␣, initial concentration 0.5 mg ml Ϫ1 ; empty circles, importin-␤, initial concentration 0.5 mg ml Ϫ1 ; filled circles, importin-␣/␤ complex obtained from gel filtration, initial optical density of 0.44 mg ml Ϫ1 .
FIG. 2. Biosensor analysis of importin-␣/␤ interaction.
A, varying concentrations of importin-␣ (675-10.55 nM) were injected over GST-importin-␤ captured using immobilized anti-GST-IgG. B, varying concentrations of importin-␤ (255-47.8 nM) were injected over importin-␣ immobilized via NHS/EDC. C, varying concentrations of importin-␤ (500 -60 nM) were injected over GST-IBB domain captured using immobilized anti-GST-IgG.
ing importin-␤, simultaneously undergoing conformational changes upon importin-␤ binding (14, 36, 37) . Therefore, a two-state reaction model appeared appropriate for the analysis of the binding curves. This model gave an excellent fit (Fig. 3A ) compared with other models tested. The analysis of each individual curve, generated using a range of concentrations (337.5-5.25 nM) gave similar results (values ranging from 3.9 -6.6 ϫ 10
(for the reaction A ϩ B^AB), and k a2 ϭ 7.9 ϫ 10 3 M Ϫ1 s Ϫ1 , and k d2 ϭ 2.5 ϫ 10 Ϫ3 s Ϫ1 (for the rearrangement AB^AB*). These values resulted in an apparent dissociation constant K D ϭ 1.1 ϫ 10 Ϫ8 M (Table I ). The binding was also analyzed in the reverse orientation (importin-␤ injected over immobilized importin-␣). The immobilization was performed using amine chemistry coupling onto a carboxymethyldextran surface (0.7 ng mm Ϫ2 immobilized). This yielded an active surface as shown by importin-␤ binding (Fig. 2B) . Again, the two-state reaction model could be used to analyze this interaction, and global fitting could be used because the binding surface was stable (Fig. 3B) . Apparent association and dissociation rate constants determined for this interaction were: k a1 ϭ 8. (Table I ). This is in excellent agreement with the reverse orientation experiments (Table I ). The binding of truncated importin-␣ (70 -529), which lacks the IBB domain, to GST-captured importin-␤ was used as a control; no binding was observed.
The N-terminal IBB domain of importin-␣ has been shown to be necessary and sufficient for importin-␤ binding (7, 36) . To investigate quantitatively whether the isolated IBB domain had similar binding properties to that of intact importin-␣ to importin-␤, we expressed the N-terminal 70 residues of importin-␣ as a GST fusion protein and also generated the nontagged protein by proteolytic cleavage. Immobilization of the nontagged IBB domain using amine coupling resulted in an inactive surface for importin-␤ binding; this was not unexpected because several lysine residues of the IBB domain are within or close to the importin-␤-binding site (36) . The IBB domain bound importin-␤ that was immobilized using the amine chemistry (data not shown), in contrast to full-length importin-␣; these data suggest that the isolated binding domain may have better access to the binding site compared with the larger intact importin-␣ molecule. However, the curves displayed complex kinetics that could not be readily fitted by any available model; visually the curves appeared to comprise initial fast apparent on and off rate constants. A similar interaction was observed when binding the IBB domain to GST-importin-␤ immobilized via the anti-GST antibody (data not shown). We therefore resorted to immobilizing the GST-IBB domain fusion protein via the anti-GST antibody and analyzing the binding of importin-␤ (Fig. 2C) . The amount of GST-IBB captured at each cycle varied slightly from 725 RU at the first injection to 650 RU at the last injection. Again, because of this variation in surface immobilization, nonlinear least square fitting was performed on individual curves using the conformational change model (Fig. 3C ). The analysis gave an apparent k a1 ϭ 1.1 ϫ 10 (Table I ). In the crystal structure of importin-␣, residues 44 -54 interact with the Arm repeat domain (residues 70 -529) of the protein, presumably autoinhibiting the receptor. We examined the binding of the IBB domain to immobilized N-terminally truncated importin-␣ (Imp␣(70 -529)). Binding could be observed between the two domains, although the low affinity and complex binding kinetics comprising very fast on and off rates prevented a rigorous analysis of this interaction using the biosensor (results not shown). The dissociation constant could be estimated at ϳ4 ϫ 10 Ϫ6 M.
Biosensor Analysis of Importin Binding to NLS Peptides-To
analyze the interaction of importin-␣ with representative NLSs from the two major classes, monopartite and bipartite NLSs, the peptides corresponding to the monopartite NLS from SV40 large T-antigen (T-Ag NLS) and the bipartite NLS from nucleoplasmin were immobilized via an N-terminal biotin group to a streptavidin-coupled sensor chip surface (ϳ0.6 and 0.43 ng mm Ϫ2 of T-Ag and nucleoplasmin NLS, respectively, were immobilized). Initially, the binding of the N-terminally truncated protein Imp␣(70 -529) (which lacks the autoinhibitory domain) was investigated (Fig. 4, A and B) . The curves were analyzed using a 1:1 Langmuirien model (the simultaneous binding of two immobilized monopartite NLS peptides to the major and minor sites of the same importin-␣ molecule is unlikely) (Fig.  3D and Table II ). Both the monopartite and bipartite NLS had similar apparent association and dissociation rates, resulting in a dissociation constant K D ϭ 1.5 ϫ 10 Ϫ8 M for both peptides. The binding of full-length importin-␣ to the immobilized NLS peptides was then tested. No binding could be detected under the experimental conditions tested (Fig. 4, C and D) , in agreement with the proposed autoinhibitory effect of the residues 44 -54 within the IBB domain. Because importin-␣ is autoinhibited in the absence of importin-␤, the predominant NLSbinding form in vivo is likely to be the importin-␣/␤ complex rather than importin-␣ alone. The importin-␣/␤ complex was generated by mixing the proteins in a 1:1 ratio. Analytical centrifugation, gel electrophoresis, and size exclusion chromatography had shown previously that this formed a 1:1 complex. This complex was passed over the sensor chip containing the immobilized NLS peptides. In contrast to full-length importin-␣ alone, the importin-␣/␤ complex bound well to immobilized NLS sequences (Fig. 4, E and F) . The binding curves displayed complex kinetics and could not be described by the 1:1 Langmuirien model. To estimate the kinetic constants of this interaction, we assumed, based on the sedimentation (Fig.  1) and size exclusion data, that the importin-␣/␤ complex was a single entity binding to the immobilized NLS peptide. With this assumption, the binding curves were again best fitted using the two state model (A ϩ B ϭ AB^AB*). The apparent association and dissociation rates are shown in Table I . The resulting dissociation constants were K D ϭ 3.5 ϫ 10 Ϫ8 M and K D ϭ 4.8 ϫ 10
Ϫ8 M for T-Ag and nucleoplasmin NLS, respectively.
Crystal Structure of the Imp␣(44 -54)-Imp␣(70 -529)
Complex-The crystal structure of full-length mouse importin-␣ revealed electron density in the major NLS-binding site that was interpreted as residues 44 -54 in the N-terminal region of the protein (14) . No interpretable density was present for residues 55-69 linking this region with the Arm repeat domain. To confirm our interpretation of the electron density, we determined the crystal structure of the N-terminally truncated protein Imp␣(70 -529) co-crystallized with a peptide corresponding to residues 44 -54 of importin-␣. The co-crystals grew in similar conditions and isomorphously to the native importin-␣ (13, 14) (Table III) . Electron density maps based on the importin-␣ model, following rigid body refinement, clearly showed electron density corresponding to the peptide. The structure was refined at 2.8 Å resolution (Table III) . The structure of Imp␣(70 -529) is essentially identical to the corresponding portion of the fulllength importin-␣ (the root mean square deviation of C␣ atoms of residues 72-496 is 0.27 Å between full-length importin-␣ and the Imp␣(44 -54)-Imp␣(70 -529) complex). As observed for the monopartite T-Ag NLS (11, 13) , two peptides bound to one molecule of importin-␣. This contrasts full-length importin-␣, most likely because the linker sequence 55-69 prevents the autoinhibitory sequence from reaching into the minor site and is attributable to the excess of the peptide relative to the Imp␣(70 -529) protein in the co-crystallization experiments. Residues 45-53 and 47-53 of the peptide in the major site and minor site, respectively, could unambiguously be interpreted in the electron density map. The binding in the major site shows a similar binding mode of the peptide to the Arm repeat region of importin-␣ as observed in the native protein (14) , confirming the original interpretation of the electron density of the native protein (root mean square deviation of C␣ atoms of residues 49 -53 is 0.06 Å between full-length importin-␣ and the Imp␣(44 -54)-Imp␣(70 -529) complex) (Fig. 5) . The N-terminal residues 45-48 superimpose less closely with the corresponding residues of the full-length importin-␣ (root mean square deviation of C␣ atoms is 0.39 Å), possibly revealing the influence of the N-terminal residues not present in the peptide.
Structure of the IBB Domain of Importin-␣-
The IBB domain of importin-␣ is largely mobile as observed in the crystal structure of mouse importin-␣, except for residues 44 -54 that are bound in an extended conformation to the major NLS binding site of the protein (14) . The same domain is involved in binding to importin-␤, where it adopts a largely helical conformation (36) . We therefore tested the inherent conformational propensity of this domain removed from the context of importin-␣ or importin-␤ proteins, using circular dichroism spectroscopy. In a physiological buffer, the domain shows little secondary struc- ture, suggesting a flexible domain that can easily adapt to the context of the binding protein (Fig. 6 ).
DISCUSSION
Importin-␣-Importin-␤ Binding-Although the importin subunits have been reported to associate with 1:1 stoichiometry (38), the oligomeric state of the individual subunits and the complex has not previously been rigorously examined. We used sedimentation equilibrium and gel electrophoresis to determine the association state of these proteins and show that the two monomeric proteins associate in a 1:1 complex. The observation of the monomeric state of importin-␣ is significant for several reasons. Firstly, the crystal structure and dynamic light scattering of N-terminally truncated yeast importin-␣ showed a dimeric molecule and prompted the authors to suggest an autoregulatory mechanism involving dimerization (11); dimerization was also implied for Xenopus importin-␣ by size exclusion chromatography (39) . The monomeric mouse importin-␣, however, must use alternative regulatory mechanisms. Secondly, our results support the interpretation of the x-ray diffraction data of an intramolecular autoinhibitory interaction formed by the N-terminal sequence of the protein; previously, the possibility of the autoinhibitory sequence forming intermolecular interactions could not formally be discounted, because the path of the residues 55-69 was not visible in the electron density maps (14, 40) . Finally, under our conditions, we observed little evidence of importin-␣ aggregation previously reported (41).
Our analysis of the importin-␣/␤ binding is consistent with the previous estimates of the affinity of the two proteins in the range of 2-18 nM (21, 42, 43) . The complex kinetic behavior observed with either ligand immobilized is consistent with the structural properties of the interaction. The IBB domain of importin-␣ has been shown to be necessary and sufficient for importin-␤ binding (7, 8) . In the absence of importin-␤, the IBB domain is mobile, with the exception of the sequence 44 -54, which is bound to the Arm repeat domain of importin-␣ in an extended conformation (14) . Importin-␤ therefore needs to sequester the sequence from importin-␣ and induce a helical conformation for a large part of the sequence (36, 37) . This complex sequence of events is reflected in the complex kinetic behavior.
NLS Binding by Importin-The binding of NLSs to importin has previously been quantitated in a few cases (3). An ELISAbased assay was used to estimate the affinities of a few NLSs for mouse, yeast, and Arabidopsis thaliana importins, with the numbers ranging from 2 to 300 nM (3, 17-19, 21, 44) . For mouse and yeast importins, the presence of importin-␤ increased the affinity in most cases by an order of magnitude when compared with importin-␣ alone. Using fluorescence depolarization, the dissociation constant for T-Ag NLS-green fluorescent protein binding to the truncated yeast importin-␣ lacking the IBB domain was estimated as 10 nM; the presence of importin-␤ increased the affinity of full-length importin-␣ (the dissociation constant changed from Ͼ10 M to 33 nM) (45) . Very recently, the same methodology was used to study the binding of fulllength and truncated importin-␣ to c-Myc and T-Ag NLS mutants (46) .
Our biosensor experiments show apparent affinities of a similar order of magnitude for NLS-importin binding and additionally provide information on the association and dissociation rates. The association rates appear to be in the range typically observed for biomolecules, consistent with the dynamic process of nuclear import and the nature of NLSs, which would be expected to be accessible for binding on the surface of proteins. Two general observations can be made. Firstly, representative monopartite and bipartite NLS bind with similar affinities. This can be explained by the crystal structures of Imp␣(70 -529) bound to T-Ag and nucleoplasmin NLS peptides (13) . Although the nucleoplasmin NLS spans both the major and minor NLS-binding sites of importin-␣ and buries a larger surface than the monopartite T-Ag NLS, the T-Ag NLS forms more favorable contacts in the major binding site, thus effectively yielding a similar affinity. Secondly, the N-terminally truncated protein Imp␣(70 -529) binds to the NLS with an affinity similar to that of the importin-␣/␤ complex. Importantly, this suggests that importin-␤ binding to importin-␣ creates an NLS-binding site in the complex that resembles the binding site in the truncated importin-␣ and that importin-␤ is unlikely to be directly involved in NLS binding.
Autoregulation of Importin-␣ during Nuclear Import-Our results provide support for the regulatory model of nuclear import proposed on the basis of the crystal structure of mouse importin-␣ (14) (Fig. 7) . This model predicted a high affinity form (for NLS binding) of importin-␣ in the cytoplasm and an autoinhibited low affinity form in the nucleus (to prevent the binding of nuclear proteins and allow importin-␣ to return to the cytoplasm without the cargo). Ample evidence now exists to support this regulatory model. Very recently, it has been shown by fluorescence depolarization that yeast importin-␣ lacking the N-terminal 87 residues binds to NLS with ϳ10 nM affinity, but no measurable binding is observed with the full-length protein (45, 46) . Our results using the biosensor similarly show no detectable binding between full-length importin-␣ and the NLSs (the detection range is expected to be ϳ10 3 -10
The structure of importin-␤ bound to a peptide from the IBB domain of importin-␣ (36) shows that importin-␤ binding should be able to sequester the autoinhibitory domain from the NLS binding site, thus activating the receptor. The results presented here now provide a system where essentially every step in the intrasteric regulatory pathway (15) has been quantitatively characterized.
In our system, importin-␣ and importin-␤ bind with ϳ11 nM affinity; previous ELISA-based estimations indicated affinities of 2-20 nM (21). The interaction involves mainly the IBB domain of importin-␣, with little or no contribution from the rest of the protein. The importin-␣/␤ complex binds functional monopartite and bipartite NLSs with ϳ40 nM affinities. After translocation of the heterotrimeric complex to the nuclear side, Ran-GTP binds to importin-␤ and can displace importin-␣ because its affinity is higher by an order of magnitude (0.8 nM) (47) . On its own, importin-␣ has very low affinity (Ͼ10 M) for NLSs, presumably to prevent binding nuclear proteins in the nucleus.
The key molecular event in this regulatory pathway is the transition of the autoregulatory IBB domain from the autoinhibitory interactions within importin-␣ (required in the nucleus) to the interaction with importin-␤ (required in the cytoplasm). The IBB domain has little secondary structure propensity on its own (this work and Ref. 37 ). In the context of importin-␣, it is largely mobile with the exception of the sequence 44 -54, which binds to the Arm repeat region of importin-␣ (14). Our crystal structure of the complex of Imp␣(70 -529) with a peptide corresponding to the autoinhibitory sequence 44 -54 confirms the interpretation of the interactions in the native protein. This autoinhibitory binding resembles NLS binding to the major NLS binding site, and the sequence is bound in an extended fashion. By contrast, the sequence 11-54 interacting with importin-␤ adopts a helical conformation in the region 23-51 (36) . Our results show that full-length importin-␣ or the IBB domain alone have similar affinities for importin-␤ (11 nM for importin-␣/importin-␤ and 7 nM for IBB domain/importin-␤). This may initially appear surprising, because in the case of full-length importin-␣, the autoinhibitory contacts of the IBB domain need to be broken before the interaction can take place. Nevertheless, we show that the affinity of the IBB domain for the Arm repeat region of importin-␣ is quite weak, about 2 orders of magnitude lower than the importin-␣/␤ interaction. The IBB domain-Arm repeat region interaction is similarly weaker than the interaction of NLSs with importin-␣/␤ complex. However, our measurements neglect the effect of the local concentration of the IBB domain; within importin-␣, the IBB domain is tethered to the protein and is therefore present in a very high effective local concentration. This explanation is also consistent with the reduction in affinity for NLSs of at least 3 orders of magnitude in the autoinhibited form of importin-␣, when compared with the importin-␣/␤ complex. Hodel et al. (46) have recently estimated the energy of autoinhibition as 3 kcal mol Ϫ1 . The difference in affinities of the autoinhibitory domain and the NLSs with the Arm repeat region of importin-␣ is consistent with the structural results (13, 14) ; the favorable interactions are much better exploited in the NLS peptides, which contain a larger number of positively charged residues in the basic cluster.
Our biosensor experiments did not detect any binding of full-length importin-␣ to either a representative monopartite and bipartite NLS. This is in agreement with the fluorescence depolarization experiments using yeast importin-␣ (45, 46) . However, several reports show evidence of high affinity binding FIG. 6 . Circular dichroism analysis of the IBB domain. The spectrum was recorded at pH 7 and 25°C with a protein concentration of 1.08 mg ml Ϫ1 . The spectra were corrected with a base line obtained using buffer alone under the same conditions.
FIG. 7.SchematicdiagramoftheNLSdependent nuclear import pathway.
Yellow, importin-␣; green, importin-␤; cyan, NLS-containing cargo protein; magenta, Ran-GTP. For simplicity, other factors involved in the pathway such as nuclear transport factor-2, the nuclear export receptor for importin-␣, and Ranbinding proteins have been omitted from the diagram. Dissociation constants for the different binding events are shown.
of NLSs to full-length importin-␣ in the absence of importin-␤. For example, the affinities of T-Ag NLS and the NLS of the cytoskeletal red cell protein 4.1 to human importin-␣ isoform Rch1 were estimated to be 56 and 30 nM, respectively, using a resonant mirror detection technique (43) . Similarly, importin-␤ had little effect on the affinities of A. thaliana importin-␣ for T-Ag and N1N2 NLSs (8.3 and 6.7 nM, respectively) (21) . One possible explanation is that the particular isoforms of importin-␣ used in these studies may have different regulatory mechanisms. However, much smaller differences in affinity were also observed with mouse and yeast importin-␣ using the ELISA-based assay (17) (18) (19) 44) . For example, the affinity of an extended T-Ag NLS was measured as 5.5 and 2.7 nM for mouse importin-␣ and importin-␣/␤ complex, respectively, and 2.0 and 2.1 nM for yeast importin-␣ and importin-␣/␤ complex, respectively (19) . We have previously shown (and will show in a future publication) 2 that the residues N-terminal to the NLS, including protein kinase CK2 and double-stranded DNA-dependent protein kinase phosphorylation sites, increase the NLS binding affinity by at least an order of magnitude (18, 48, 49) , so that one can speculate that the presence of these residues may indeed be able to compete, albeit inefficiently, with the IBB domain for the NLS binding site in importin-␣ even in the absence of importin-␤. It can also not be excluded that the weak autoinhibitory interactions may be partially disrupted in the conditions used in the ELISA.
Conclusions-Our results presented here endorse the regulatory model of nuclear import proposed previously on the basis of structural information (14) and provide a quantitative description of essentially every binding and regulatory step in the intrasteric regulatory pathway. A schematic model of nuclear import summarizing the available data is illustrated in Fig. 7 . Cytoplasmic importin-␤ binding to the IBB domain of importin-␣ (K D ϳ 11 nM) removes the autoinhibitory segment from the NLS-binding site, rendering importin-␣/␤ active for binding an NLS-containing protein (K D ϭ ϳ40 nM). After translocation through the nuclear pore complex into the nucleus, Ran-GTP binding to importin-␤ (K D ϭ 0.8 nM) causes the dissociation of importin-␤ from importin-␣ and cargo release into the nucleoplasm. The cargo cannot bind to the autoinhibited importin-␣ (K D ϭ Ͼ10 M); although the affinity of the autoinhibitory segment for the Arm repeat domain of importin ␣ is only ϳ4 M, the autoinhibition is potent because of the high local concentration of the autoinhibitory segment. The autoinhibitory segment changes conformation from extended when bound to importin-␣, to helical when bound to importin-␤ and has little secondary structure on its own. Similarly, importin-␤ conformationally adapts to its binding partners (36, 37, 50, 51) . The remarkable molecular choreography of nuclear import is likely representative of many other intrasteric regulatory mechanisms (15) .
